Retinitis pigmentosa (RP), the most common form of inherited retinal degeneration, is clinically and genetically heterogeneous and can appear as syndromic or non-syndromic. Mucopolysaccharidosis type IIIC (MPS IIIC) is a lethal disorder, caused by mutations in the heparan-alpha-glucosaminide N-acetyltransferase (HGSNAT) gene and characterized by progressive neurological deterioration, with retinal degeneration as a prominent feature. We identified HGSNAT mutations in six patients with non-syndromic RP. Whole exome sequencing (WES) in an Ashkenazi Jewish Israeli RP patient revealed a novel homozygous HGSNAT variant, c.370A>T, which leads to partial skipping of exon 3. Screening of 66 Ashkenazi RP index cases revealed an additional family with two siblings homozygous for c.370A>T. WES in three Dutch siblings with RP revealed a complex HGSNAT variant, c.[398G>C; 1843G>A] on one allele, and c.1843G>A on the other allele. HGSNAT activity levels in blood leukocytes of patients were reduced compared with healthy controls, but usually higher than those in MPS IIIC patients. All patients were diagnosed with non-syndromic RP and did not exhibit neurological deterioration, or any phenotypic features consistent with MPS IIIC. Furthermore, four of the patients were over 60 years old, exceeding by far the life expectancy of MPS IIIC patients. HGSNAT is highly expressed in the mouse retina, and we hypothesize that the retina requires higher HGSNAT activity to maintain proper function, compared with other tissues associated with MPS IIIC, such as the brain. This report broadens the † H.N., R.L. and N.M.B. contributed equally to this work. spectrum of phenotypes associated with HGSNAT mutations and highlights the critical function of HGSNAT in the human retina.
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Introduction
Inherited retinal dystrophies (IRD) are a heterogeneous group of diseases, which cause visual loss owing to the progressive loss of photoreceptors in the retina. The different forms of IRD lie along a spectrum with differential cone and rod photoreceptor involvement. The most common form of IRD is retinitis pigmentosa (RP), with a worldwide prevalence of ∼1 in 4000. In RP, the disease process initially affects the rod photoreceptors to a more severe degree than the cones, and thus, the first clinical symptom is usually night blindness, followed by visual field loss. Ophthalmologic findings also include characteristic pigmentation of the midperipheral retina, attenuation of retinal arterioles and optic disk pallor (1) . In RP patients, the phenotype can be limited to the eye (non-syndromic), or it can appear as part of a syndrome. For instance, patients with Usher syndrome have a combination of RP and hearing loss (2) .
Besides being clinically heterogeneous, RP is also genetically heterogeneous. To date, >65 genes have been implicated in the etiology of non-syndromic RP, and >30 syndromic forms have been described [Retnet-Retinal Information Network; Online Mendelian Inheritance in Man (OMIM)]. Interestingly, certain genes are associated with both syndromic and non-syndromic forms of RP. For example, mutations of USH2A cause either type 2 Usher syndrome (RP and hearing loss) or non-syndromic RP (3); mutations of the BBS1, BBS2, ARL6 and BBS8 genes cause either Bardet-Biedl syndrome (RP, obesity, mental retardation, polydactyl, renal and genital abnormalities) or non-syndromic RP (4-7).
The mucopolysaccharidoses (MPS) are inherited lysosomal storage diseases characterized by an abnormal accumulation of incompletely degraded mucopolysaccharides (glycosaminoglycans, GAGs) in multiple tissues and organs. Eleven known specific lysosomal enzyme deficiencies can be distinguished by their biochemical, clinical and genetic features (MPS I-MPS IX) (8) . MPS IIIC, also known as Sanfilippo syndrome type C, is a rare autosomal recessive disorder caused by the deficiency of the lysosomal membrane enzyme, heparan-alpha-glucosaminide N-acetyltransferase (HGSNAT), which catalyzes transmembrane acetylation of the terminal glucosamine residues of heparan sulfate prior to their hydrolysis by α-N-acetylglucosaminidase (9, 10) . Most MPS IIIC patients manifest symptoms during childhood, with progressive and severe neurological deterioration causing hyperactivity, sleep disorders and loss of speech, accompanied by behavioral abnormalities, neuropsychiatric problems, mental retardation, hearing loss and relatively minor visceral manifestations, such as hepatomegaly, mild dwarfism with joint stiffness, coarse faces and hypertrichosis (11, 12) . Moderate-to-severe retinopathy with associated electroretinographic (ERG) abnormalities is a prominent feature of MPS IIIC (13) . Most MPS IIIC patients die in early adolescence. In this study, we report mutations in the HGSNAT gene in six patients with non-syndromic RP.
Results

Identification of HGSNAT mutations in non-syndromic RP patients
In a consanguineous Israeli family of Ashkenazi Jewish (AJ) descent (Family A, Fig. 1A ), one of three siblings was diagnosed with RP at the age of 34 years (Patient A-II:1). This patient tested negative for several common founder mutations underlying RP in the AJ population, including the Alu insertion in the MAK gene, the p.K42E mutation of DHDDS and the c.1355_136delCA mutation of FAM161A (14) (15) (16) . To identify the genetic cause of disease in this patient, WES analysis was performed. WES data were analyzed based on the hypothesis of autosomal recessive inheritance. WES resulted in 175 009 variants. A total of 4139 of these were rare variants (allele frequency <1% in 1000 genomes database, the Exome Variant Server and dbSNP), and 351 were either found inside exons and resulted in an amino acid change or were up to three bases from an intron-exon junction. Out of these, 30 were found in a homozygous state in the patient, and of these, six were completely novel and were either loss-of-function variants or predicted to be pathogenic. Additional manual review removed four variants owing to high probability of error (see Materials and Methods). The remaining two variants were located in the HGSNAT (GeneBank accession number NM_152419.2) and KAT6A (GeneBank accession number NM_001099412.1) genes. As HGSNAT mutations cause a syndrome with retinal degeneration, whereas KAT6A mutations are associated with leukemia, we concluded that the HGSNAT c.370A>T ( p.R124W) variant was most likely the causative mutation (Supplementary material, Table S1 ). Segregation analysis via Sanger sequencing showed that the c.370A>T variant co-segregated with disease in the family (Fig. 1A and B) .
Screening for the c.370A>T allele in a panel of 66 AJ nonsyndromic RP patients who were previously found negative for known RP-causing AJ founder mutations was performed. In one of these patients (Patient B-II:1), the c.370A>T allele was also detected in a homozygous state. In contrast, c.370A>T was not detected in 211 AJ control individuals. The difference in c.370A>T allele frequencies between AJ patients and healthy control groups (4/134 versus 0/422) was statistically significant (P = 0.003 using the Fisher's exact test). Patient B-II:1 belonged to a consanguineous Israeli AJ family, and his affected sibling (Patient B-II:2) was also found to be homozygous for c.370A>T (Family B, Fig. 1A) .
In an additional non-consanguineous Dutch family (Family C, Fig. 1A ), three siblings were diagnosed with RP at an age of >45 years (Patients C-II:1, C-II:2 and C-II:3). Linkage analysis did not render any regions with known IRD disease genes. To identify the genetic cause of disease in this family, WES analysis was performed. WES data were analyzed based on the hypothesis of autosomal recessive inheritance. In Patients C-II:1, C-II:2 and C-II:3 of Family C, 9814 variants were shared in the exome data of all three siblings. Of these, 53 were rare variants (allele frequency <1% in dbSNP and the exomes of 5036 primarily Dutch individuals) and 28 were either found inside exons and resulted in an amino acid change or were up to 3 bases from an intron-exon junction. The only homozygous variant detected (c.1843G>A; p.A615T) was present in the HGSNAT gene, which also contained a heterozygous variant (c.398G>C; p.G133A). In addition, two heterozygous variants were detected in the ATP8B4 gene (GeneBank accession number NM_024837). As HGSNAT is expressed in the retina and HGSNAT mutations cause a syndrome with retinal degeneration, whereas this is not the case for ATP8B4, we concluded that the HGSNAT c.398G>C and c.1843G>A variants were the most plausible causative mutations (Supplementary material, Table S1 ). Sanger sequencing and copy number analysis (excluding the presence of a heterozygous deletion in HGSNAT) via qPCR confirmed that the three affected siblings of family C carried both the c.[398G>C;1843G>A] and c.1843G>A alleles (Fig. 1A and B) . Segregation analysis could not be performed, because the parents are deceased.
Evaluation of the variants detected in HGSNAT
The HGSNAT c.370A>T and c.398G>C variants are both novel, as they were not found in 2184 alleles of the 1000 genomes database, 13 006 alleles of the Exome Variant Server, dbSNP and 10 572 alleles of exomes of 250 Israeli and 5036 primarily Dutch individuals.
The c.370A>T nucleotide substitution was predicted to result in the exchange of the moderately conserved, positively charged arginine into an uncharged tryptophan at position 124 of HGSNAT (p.R124W) (Fig. 1C) . This sequence change was predicted to be pathogenic by both CADD (17) and PolyPhen-2 (18) but was predicted to be non-pathogenic by MutationTaster (19) (Supplementary material, Table S1 ). As c.370A>T is located in the penultimate nucleotide of exon 3 (Fig. 1B) , it could also affect splicing. The wild-type (wt) HGSNAT intron 3 donor splice site is relatively weak, and the c.370A>T variant is predicted to further weaken it (Table 1) . RT-PCR on leukocyte RNA of Patients A-II:1, B-II:1 and wt controls detected transcripts harboring exon 3 in both patients and controls, whereas transcripts that lacked exon 3 were only detected in patients (Fig. 2C ). We therefore concluded that the c.370A>T variant leads to partial skipping of exon 3. Skipping of exon 3 is expected to cause a frameshift and generate a transcript which encodes for a truncated protein ( p.Cys79Valfs*20) that lacks all transmembrane domains and the C-terminus, and therefore, it is likely non-functional. Moreover, given the nature of this mutation and the effects of the nonsense-mediated mRNA decay mechanism, this truncated protein may not be generated at all. The c.398G>C nucleotide substitution was predicted to result in the exchange of a highly conserved glycine into an alanine at position 133 of HGSNAT ( p.G133A) (Fig. 1C ). This substitution, located within the N-terminus, is predicted to be pathogenic by CADD, MutationTaster and PolyPhen-2.
The c.1843G>A is a rare variant, with a mean allele frequency of 0.59% in the European American population of the Exome Variant Server. A similar frequency, 0.56%, was detected in an exome variant database of 5036 primarily Dutch individuals. This variant is predicted to result in the exchange of the highly conserved alanine into a threonine at position 615 of HGSNAT ( p.A615T) (Fig. 1C) . The p.A615T variant has been reported twice in MPSIIIC patients, both times homozygously and in combination with another homozygous variant, p.W403C (10, 20) . It was shown that p.A615T leads to moderately reduced HGSNAT activity (50-70% of wt) (21, 22) .
Decreased HGSNAT activity in RP patients with HGSNAT mutations
The HGSNAT activity in blood leukocytes, measured in Patients A-II:1, C-II:1, C-II:2 and C-II:3, was decreased compared with healthy controls: 2.5, 3.6, 4.6 and 3.3 nmol/18 h/mg in the patients, respectively, versus 6.7-23.5 nmol/18 h/mg protein in healthy individuals. The HGSNAT activities in Patients C-II:1, C-II:2 and C-II:3 with non-syndromic RP are slightly higher than those measured in MPS IIIC patients (0.7-3.0 nmol/18 h/mg protein; nine patients of seven families), whereas the HGSNAT activity of Patient A-II:1 is within the upper range obtained in MPS IIIC patients. In Patient A-II:1, total urine GAGs were also determined and these were elevated (6.6 mg/mmol creatinine compared with controls: <3 mg/mmol creatinine).
To exclude the possibility that, in addition to retinal dystrophy, these patients might have mild manifestations of HGSNAT deficiency, such as coarse facial features, hypertrichosis, contractures, organomegaly, hearing impairment, behavioral and sleeping problems, recurrent infections, diarrhea, epilepsy or late onset of mental deterioration, a physical exam was performed. Patients A-II:1 and B-II:1 underwent a comprehensive physical exam for extra-ocular features, but no significant findings were observed, except for mild hearing impairment diagnosed in Patient A-II:1 at the age of 59 years. A general physical exam of Patients C-II:1 and C-II:2 also did not reveal any additional symptoms.
Ophthalmological findings
All five patients were diagnosed with non-syndromic RP, and in all patients, initial symptoms were night blindness and/or visual field loss. However, between patients, there were differences in clinical symptoms and in age of onset (Table 2) .
Patient A-II:1 had night blindness since childhood. She was diagnosed with RP at the age of 34 years. At this age, full-field ERG (ffERG) responses were non-detectable. At the age of 60 years, her visual acuity was severely compromised in both eyes. The fundus appearance revealed severe and extensive atrophic changes of the retina and the retinal pigmented epithelium (RPE) as well as choroidal sclerosis, particularly at the posterior OS: loss of RPE layer, hard exudates parafoveal pole, accompanied by bone-spicule pigmentation at the midperiphery, with sparse and narrow retinal blood vessels ( Fig. 3C and Table 2 ). Patient B-II:1, with the same homozygous mutation as Patient A-II:1, had night blindness since childhood. At the age of 29 years, his best-corrected visual acuity (BCVA) was 20/40 on both eyes. Funduscopy revealed peripapillary atrophy, foveal cystic edema, small crystals in the macula and midperiphery, pronounced choroidal vasculature, with normal retinal blood vessels and no bone spicule-like pigmentation. Visual fields (VFs) showed ring scotomas in both eyes (Fig. 3B , E and F and Table 2 ). His brother, Patient B-II:2, noticed night blindness at the age of 18 years. At the age of 30 years, his BCVA was 20/30 and 20/40 in the right and left eye, respectively. Funduscopy revealed normal optic discs, small crystals in the macula and inferior retina, pronounced choroidal vasculature in both eyes and a few hyperpigmented bone spicule-like spots in the superior midperiphery of the left eye. VFs were evident for peripheral constriction in both eyes (Fig. 3A and D and Table 2 ). ffERG for both Patients B-II:1 and B-II:2 showed severe generalized rod-cone dysfunction, with an electronegative pattern (reduced b/a ratio).
In Patients C-II:1, C-II:2 and C-II:3 of Family C, the first clinical signs, e.g. night blindness and/or VF loss, occurred in the fifth to sixth decade of life. Detailed ophthalmologic analysis determined that all three siblings were affected by RP. The RP in these siblings is, however, atypical owing to the fact that two siblings have reduced red color vision and the late onset of disease (Fig. 3G-L and Table 2 ).
Analysis of HGSNAT expression
RT-PCR analysis was performed on RNA derived from normal human retina and leukocytes with primers located in HGSNAT exons 2 and 4. Both tissues yielded the expected product, harboring exons 2, 3 and 4 (Fig. 2B) . However, while this product was obtained from human retina following 35 cycles of standard PCR, obtaining a product from leukocyte RNA required an additional set of amplification. This indicated that HGSNAT expression levels in the retina are much higher than those in blood leukocytes.
In the literature and in the public databases, there is evidence for HGSNAT transcripts lacking exon 3. Hrebicek et al detected a transcript in which exons 3, 9 and 10 were skipped in several human tissues (10) , and the Ensembl genome browser contains a transcript with an alternative first exon (exon 10a, located downstream of exon 10) fused to exons 11-18 (ENST00000297798) (Fig. 2A) . The functional significance of these shorter transcripts is unclear. Our analysis showed no evidence for a retinal transcript in which exon 3 was skipped (Fig. 2B) . In addition, the transcript with an alternative first exon (exon 10a) was also not detected in retina and leukocytes, even following an additional set of PCR amplification (data not shown). We therefore conclude that these alternative transcripts are not expressed in retina.
To examine the ocular expression of Hgsnat at different developmental time points, we performed RT-PCR analysis of total RNA from mouse eye. Hgsnat was found to be expressed in the developing mouse eye as early as embryonic day 14 (E14), with equal high expression levels after birth [ postnatal day 0 (P0) and postnatal day 30 (P30)] (Fig. 2D ).
Discussion
In this study, we detected mutations in the HGSNAT gene in six patients with apparent non-syndromic RP. Three patients of two unrelated Israeli AJ families were homozygous for the c.370A>T ( p.R124W) mutation, which causes partial skipping of exon 3 during splicing ( p.Cys79Valfs*20), and three patients of one Dutch family were heterozygous for the c.398G>C (p.G133A) and homozygous for the c.1843G>A (p.A615T) mutation.
HGSNAT mutations have previously been associated with the severe and lethal disorder MPS IIIC (9, 10) . The main symptoms in MPS IIIC patients result from progressive degeneration of the central nervous system, and retinal degeneration is a prominent feature (11, 13) . Interestingly, two sisters with an attenuated course of the disease have been reported. One of them had borderline intelligence since infancy, whereas the other had normal development. They developed major symptoms at the third decade of life, including adult-onset dementia and RP. One of them died at 48 years; the other one was still alive at the age of 48 (23, 24) . The six patients with HGSNAT mutations in this study were diagnosed with retinal degeneration at the third to fifth decade of life. The ERG responses of Patients B-II:1, B-II:2, C-II:1 and C-II:2 showed a generalized rod-cone dysfunction with an electronegative pattern, which is a common finding in patients with MPS and other types of lysosomal storage diseases (25) (26) (27) . However, all six patients in this study showed no signs of mental deterioration, behavioral or sleeping abnormalities (including Patients A-II:1, C-II:1, C-II:2 and C-II:3, who are currently in their sixties and seventies). Moreover, they have no other visceral, skeletal or facial signs associated with MPS IIIC, except for lateonset mild hearing impairment in Patient A-II:1, which might be age related. We therefore conclude that their disease is nonsyndromic.
The HGSNAT mutations of Patients C-II:1, C-II:2 and C-II:3 lead to amino acid changes ( p.G133A and p.A615T), whereas the c.370A>T mutation detected in Patients A-II:1, B-II:1 and B-II:2 was shown to result in partial skipping of HGSNAT exon 3 ( p.Cys79Valfs*20) in blood leukocytes, as well as an amino acid change ( p.R124W). We hypothesize that in the retina exon 3 is skipped as well, although this cannot be confirmed experimentally. As all patients in this study manifest no additional extra-ocular symptoms, other tissues that are usually affected by HGSNAT deficiency (especially the brain) must have sufficient levels of enzymatic activity. We therefore hypothesize that the retina requires higher levels of HGSNAT activity compared with other tissues. The same phenomenon has been reported for other genes, such as USH2A (3), CEP290 (28) and BBS1 (5), which are associated with both syndromic and non-syndromic forms of IRD. In these cases, severe (null) mutations are usually associated with syndromic IRD, whereas milder (hypomorphic) mutations or combinations of mutations are usually associated with non-syndromic IRD. The genotypes detected in HGSNAT in the non-syndromic RP patients (homozygous c.370A>T, and compound heterozygous c.1843G>A and c.[398G>C; 1843G>A]) have never been detected in patients with MPS IIIC. Furthermore, the HGSNAT activity in all but one non-syndromic RP patient was higher compared with MPS IIIC patients, indicating that indeed the HGSNAT mutations in the non-syndromic RP patients are milder compared with the mutations in MPS IIIC patients. Interestingly, Patient A-II:1, who had the lowest HGSNAT activity level, also had an earlier age of onset of RP and a more severe retinal dystrophy compared with Patients C-II:1, C-II:2 and C-II:3, with higher HGSNAT activity. Interestingly, in Family C, patients were initially diagnosed at the ages of 47-52 years, and at these ages, their central vision was still very good. This is an uncommon finding, as most RP patients are diagnosed between the first and the third decades of life and are legally blind by the age of 40 years (29) .
There are marked differences between the retinal phenotypes observed in Patients A-II:1, B-II:1 and B-II:2, who are homozygous for the same HGSNAT mutation. These differences suggest the involvement of additional genetic and/or environmental modifying effects on the retinal phenotype caused by HGSNAT mutations. Patient A-II:1 has classic RP, characterized by extensive atrophic changes, bone spicule pigmentation, sparse and attenuated retinal blood vessels. Patient B-II:1 has macular edema, but no bone spicules, which are evident in Patient B-II:2. In addition, Patients B-II:1 and B-II:2 have prominent crystals in the retina, which are not evident in Patient A-II:1. Given the low rate of HGSNAT activity found in patients' lymphocytes, it would be interesting to use electron microscopy to test whether crystals are present in lymphocytes as well.
One of the HGSNAT alleles of the affected siblings of family C has two variants p.[G133A;A615T]. Most likely, there is a cumulative effect of both variants on HGSNAT activity, as was also shown for the p.[W403C;A615T] allele (21) . Therefore, we believe that the combination of both HGSNAT variants on one allele, in conjunction with the p.A615T variant in trans, is responsible for RP in Family C. Because the p.A615T variant gives a maximal HGSNAT activity reduction of 50% (21,22) and given the frequency of the p.A615T allele in the healthy population (0.59%), it is unlikely that the homozygous presence of this variant alone can cause retinal dystrophy. It is still possible that this allele acts as a modifier in the retinal dystrophy of patients caused by other genes. It would be interesting to analyze patients with retinal dystrophy who carry mutations in other IRD-associated genes in addition to the p.A615T variant in HGSNAT, to determine whether this variant has an additional effect on the phenotype.
HGSNAT is already highly expressed in the developing mouse eye at E14 and to a same extent in the fully developed mouse eye. This indicates that the function of HGSNAT, transmembrane acetylation of the terminal glucosamine residues of heparan sulfate prior to their hydrolysis, is an important process during eye development, and also in the fully developed eye. This could be related to the high turnover of proteins in the retina. A similar 'activity threshold' model was recently proposed for two other genes encoding lysosomal proteins, i.e. CLN3 (30) and MFSD8 (31). Both were previously implicated in severe neurological syndromes (neuronal ceroid lipofuscinosis or Batten disease) and recently found to be mutated in non-syndromic IRDs. In particular for MFSD8, a clear-cut genotype-phenotype correlation was identified (31), strongly suggesting that an optimal function of the lysosome is essential for photoreceptor survival. Metabolic analysis on blood of IRD patients could therefore potentially be used to detect novel lysosomal gene defects and/or modifier alleles.
In summary, we report six patients with non-syndromic RP owing to HGSNAT mutations. This report broadens the spectrum of phenotypes associated with HGSNAT mutations and highlights the critical function of HGSNAT in the human retina.
Materials and Methods
Subjects and clinical evaluation
The study was approved by local Ethics Committees at the ascertaining institutes (Rambam Medical Center, Hadassah-Hebrew University Medical Center and Radboud University Medical Center). Informed consent was obtained from all participants. AJ control DNA samples were obtained from the National Laboratory for the Genetics of the Israeli Population at Tel Aviv University.
The standard ophthalmic examination included the measurement of BCVA using Snellen visual acuity charts and ophthalmoscopy. Fundus photography was performed by using Topcon TRC50IX (Topcon Corporation, Tokyo, Japan). The visual field testing was performed by Goldman perimetry or a Humphrey perimeter (Carl Zeiss Meditec, Jena, Germany) using central 30-2 threshold test. Cross-sectional images were obtained using spectral-domain optical coherence tomography (SD-OCT; Heidelberg Engineering, Heidelberg, Germany). Fundus autofluorescence (FAF) images were acquired using a confocal scanning laser ophthalmoscope (cSLO, Spectralis, Heidelberg Engineering). ffERG was conducted according to International Society for Clinical Electrophysiology of Vision guidelines (32), using the Espion E 3 Electroretinography system (Diagnosys, Lowell, MA, USA) for Israeli patients, and the RETI-port system (Roland Consults, Stasche & Finger GmbH, Brandenburg an der Havel, Germany) for Dutch patients.
Assessment of HGSNAT activity
HGSNAT activity in blood leukocytes was measured using a fluorimetric assay with 4-methylumbelliferyl-beta--glucosaminide as a substrate (Moscerdam Substrates, Oestgeest, the Netherlands) (33) . Total GAGs in urine were measured by spectrophotometric analysis using creatinine levels as a standard (34 
DNA analyses
Genomic DNA was extracted from leukocytes according to standard procedures (35) . WES of Patient A-II:1 was performed at Otogenetics corporation (Norcross, GA, USA) using Roche NimbleGen V2 (44.1 Mbp) paired-end sample preparation kit and Illumina HiSeq2000 at a 30× coverage. Sequence reads were aligned to the reference human genome (GRCh37/hg19), and variants were called as previously described (36) . WES of Patients C-II:1, C-II:2 and C-II:3 was performed using Agilent's Sure Select All Human Exome version 2 kit (50 Mb; Agilent Technologies, Santa Clara, CA, USA), followed by sequencing on a SOLiD4 sequencing platform (Life Technologies, Carlsbad, CA, USA). Sequence reads were aligned to the reference human genome (GRCh37/hg19) using Lifescope v2.1 software (Life Technologies), followed by variant calling on the aligned sequence via a customized pipeline (37) .
HGSNAT exons were amplified from genomic DNA using the primers listed in Supplementary material, Table S2 . Sanger sequencing of PCR products was used to verify the mutations and screen additional patients and controls.
In Patients C-II:1, C-II:2 and C-II:3, copy number variant analysis of HGSNAT exons 3 and 18 was performed on genomic DNA via qPCR using GoTaq qPCR Master Mix (Promega Corporation, Madison, WI, USA) to determine whether a heterozygous deletion was present in HGSNAT. The KEL and ZDHHC5 genes were used as standards ( primers sequences in Supplementary material, Table S2 ).
RNA analyses
Total RNA was isolated from human blood lymphocytes and retina, and from mouse retinas using Tri reagent (Sigma-Aldrich, St Louis, MO, USA) and treated with RQ1 RNase-free DNase (Promega Corporation). Reverse transcription was performed with 1 µg of total RNA in a 20 µl of reaction volume using 200U of M-MLV Reverse Transcriptase and 100 ng of random primers (Stratagene, La Jolla, CA, USA). PCR was performed in a 25 µl reaction volume in the presence of 5× Readymix (LAROVA GmbH, Teltow, Germany) and 10 pmol of each forward and reverse primers (Supplementary material, Table S2 ).
Animal use C57BL/6 mice were obtained from Harlan Laboratories, Inc. (Jerusalem, Israel). Animal care guidelines comparable to those published by the Institute for Laboratory Animal Research (Guide for the Care and Use of Laboratory Animals) were followed, and the research was approved by the committee for the supervision of animal experiments, Technion-Israel Institute of Technology.
Web-based tools and databases
